ABSTRACï Resistance mechanisms of a strain (MSE) of Culex pipiens L., collected in sauthern France in 1979 and highiy resistant to chlorpynfos. were investigated by comparing the resistance characteristics to vanous organophasphates and carbamates in the absence or presence of synergists and determining the biochemical characteristics of four enzymes (esterases. glutathione-S-transferases, mixed function oxidases, and acetylcholinesterase) compareci with a susceptible strain and a chlorpyrifas-resistant strain (S54) collected in the same area in 1960 and 1974, respectively. Cblorpyrifos resistance in S54 was due to a detoxifying esterase as previously dexribed, whereas resistance in MSE was associateci with an acetylcholinesterase insensitive to the inhibition by chlorpyrifoxon and some carbamates (propoxur, carbosulfan. and carbaryl), and with an increase of oxidative metabolism.
AN INTENSIVE MOSQUITO control program, mainly
aimed against Culex pipimu L., was started in the 1960's in southem France. Various insecticides were employed but, since 1968, chlorpyrifos was the most widely used. The first indication of chlorpyrifos resistance occurred in a limited area in 1972 (Sinègre et al. 1976 ). Since then, resistance has not only spread over the whole treated area, but also has increased considerably.
In the present investigation. we identified the physiological mechanisms responsible for the present high resistance to chlorpyrifos by analyzing 1) the resistance spectra to various insecticides in presence or absence of synergists and 2) the activity and inhibition characteristics of various enzymes often known to be involved in organophosphate (OP) resistance.
Materials and Methods
Insects. Three strains were used as follows: a) BLEUET, a susceptible reference strain isolated by Rioux & Pech (1961) ; b) S54, a strain isolated in 1974 and resistant to chlorpyrifos due to increased esterase detoxification encoded by the Est-3" allele (Pasteur 1977) ; and c) MSE, a highly OPresistant strain derived from the MAURIN strain collected in 1979 and studied by Wood et al. (1984) .
This last strain was made free of the E s t a A allele by Raymond et al. (1985a) and selected by exposing larvae to dhlorpyrifos doses that induced 80-90% mortality until its resistance was stabilized.
Insecticide Bioassays. Resistance characteristics of the three strains were analyzed by performing bioassays on fourth instars, following the standard method of Georghiou et al. (1966) . Eight insecticides of technical or analytical grade were used in alcohol solutions: chlorpyrifos (Dow Chemical, Midland. Mich.), methidathion (CIBA-Geigy, Greensboro, N.C.), temephos (American Cyanamid, Princeton, N.J.), dichlorvos (CIBA-Geigy), propoxur (Bayer, Leverkusen, Federal Republic of Gerrnany), carbosulfan (FMC, Philadelphia, Penn.), aldicarb (Union Carbide. Research Triangle Park, N.C.), and pyrimicarb (ICI, Goldsboro, N.C.).
The action of two synergists, DEI? (S, S, S, tributyl phosphorotrithioate, Interchirn) and PB (piperonyl butoxide, FLUKA AG), was investigated by exposing larvae to a standard dose of synergist (0.08 ppm for DEF and 5 ppm for PB) 4 h before the addition of the insecticide solution.
Five replications of at least five doses (20 larvae per dose) giving between O and 100% rnortality, were. performed with each insecticide. To standardize the bioassays, the final concentration of alcohol was systernatically adjusted to 1%, a concentration inducing no mortality in the control.
Biochemical Analyses. Total activity and inhibition by various cornpounds were studied on esterases, acetylcholinesterases (AChoE), glutathione-S-transferases, and rnixed-function oxidases. Each experiment was run the same day with the three strains.
Esterases were revealed on single-mosquito homogenates submitted to starch electrophoresis using alpha and beta naphthyl acetates as substrates (Pasteur et al. 1981a) or with the filter-paper test of Pasteur & Georghiou (1981) .
AChoE was studied spectrophotometrically using the method of Ellman et al. (1961) . One hundred adults (50 males and 50 females) were mass-homogenized with a teflon-glass homogenizer at 4°C in 10 mM Tris.HC1 buffer (1 ml) (pH 6.9) containing 1 mM EDTA, 0.95 M NaCl, and 1% Nonidet P-40. The supernatant obtained after 15 min centrifugation at 12,000 x g was used as source of enzyme. The reaction was conducted at 25°C with homogenate (10 pl) in 0.1 M sodium phosphate (1 ml) (pH 8.0) containing 5,5-dithiobts-2-nitrobenzoic acid (3 x 1 0 -~ M) and acetylthiocholine (2 x 10-.' M). AChoE activity was estimated in measuring the variation in optical density at 412 nm with a spectrophotometer (Beckman). The inhibitory action of eight carbamates (propoxur; carbosulfan; aldicarb; aldicarb sulfoxide, Union Carbide; pyrimicarb; methomyl, Dupont de Nemours, Wilmington, DE; carbaryl, Union Carbide; and eserine, Boehringher) and four oxidized OP (chlorpyrifoxon, Dow Chemical; methidathion oxon, CIDA-Geigy; dichlorvos, CIBAGeigy; and paraoxon, Pestanal) was analyzed after a 3-min incubation of homogenate (10 pl) with the required insecticide before the addition of acetylthiocholine. At least five concentrations of each insecticide were tested.
Mixed-function oxidases (MFO) activity was determined in homogenates of 50 females grounded in 0.2 M sodium phosphate buffer (1 ml) (pH 7.8) containing 1% (wt/vol) of bovine serum albumin. 7-ethoxy-coumarin was used as substrate (Ullrich & Weber 1972) . The liberation of fluorescent 7-hydroxy-coumarin was detected on a spectrofluorimeter (Jobinyvon) at 380 and 480 nm. The inhibitory action of propoxur was analyzed by incubating the homogenates in 2.3 x 1 0 4 M propoxur at 20°C during 30 min before the addition of substrate.
To determine glutathione-S-transferasès (GST) activity, 50 females were homogenized in 0.1 M sodium phosphate (1 ml) (pH 6.9) and centrifuged at 12,000 x g during 15 min. The GST activity was determined with homogenate (20 pl) in 0.1 M sodium phosphate containing reduced glutathione M final concentration) and chlorodinitrobenzene at £ive concentrations (1, 3, 5, 10, and 25 x M). The variations in optical density were recorded at 340 nm at 30°C (Habig et al. 1974) :
Statistical Methods. Mortality data were analyzed using a log-probit microcomputer program (Raymond 1985) . When the confidence limits of resistance ratio were needed, the parallelism of the two mortality lines was tested: when it was not rejected, the relative potency between the two lines I and its confidence limits was computed (Raymond 1985) . Kinetic parameters (K,,, = Michaelis constant and V,,, = maximum velocity) were deter- Burk (1934) . Diff erences between the kinetic parameters of the enzymes from each strain were tested either by comparing their confidence intervals or, when large variations occurred between different experiments, using nonparametric tests: Friedman (1937) two-way analysis of variance or Mann-Whitney (1947) test. The correlation between resistance (RR) and inhibition ratio (IR) of AChoE in the MSE strain was calculated using nonparametric Spearman rank correlation (Hotelling & Pabst 1936) .
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Results
Resistance Characteristics of the Strains. Mortality obtained with four organophosphates (chlorpyrifos, temephos, methidathion, and dichlorvos) and four carbamates (propoxur, carbosulfan, aldicarb, and pyrimicarb) was linear (P > 0.1 for al1 lines) as shown for chlorpyrifos (Fig. l ) Ilowever, bioassays revealed differences between the two resistant strains (S54 and MSE) at LC,, ( Table 1) . The most striking difference concerned the four carbamates tested. For carbosulfan and propoxur, similar LC,,'s were observed in both susceptible BLEUET and resistant S54 strains, but the LC,,, was considerably higher (10,000-fold) in MSE. MSE mosquitoes were thus not only more resistant to chlorpyrifos and temephos than S54 mosquitoes, but they also displa~ed an extremel~ high resistance to some carbamates. Detoxification by Nonoxidative Enzymes. Nonoxidative degradation of OP may occur by the action of esterases or GST, or both. Both enzymes are inhibited by DEF (Lewis 1969) . Addition of DEF in bioassays with chlorpyrifos caused a 3.7-fold decrease in the LC,,, of susceptible BLEUET and a 15-fold decrease in the LC,, of resistant S54, but had no effect on the LC,,, of the resistant MSE (Table 1 ). In bioassays with carbosulfan, DEF decreased the LC,, in BLEUET (>5-fold) but not in S54 and MSE (Table 1) . These results indicate that nonoxidative degradation has no important role on the observed level of resistance to carbosulfan in either S54 or MSE and to chlorpyrifos in MSE. However, such a degradation contributed significantly (DEF synergism ratio = 13.5, with a 99% CL of 7.1-32.3) to the observed level of resistance to chlorpyrifos in S54. The fact that the DEFchlorpyrifos mortality lines of S54 and BLEUET are not significantly different (they are parallel: xZ = 5.0; df = 15; P > 0.99; BLEUET is 1.2 more resistant than S54 with a 95% CL between 1.0 and 1.3; Fig. 1A ) conhrms that resistance in S54 is solely due to increased nonoxidative degradation (Pasteur 1977) .
Because the in vitro study of GST activity showed no significant differences in kinetic parameters between strains (P > 0.6) (K,, values varied between 2.2 and 3.4 x 10-s M , and V,,, was the same in every strain, Le., 1.9 x 1 0 -W of substrate minute-' mg of protein), we infer that the higher level of nonoxidative degradation occurring in the S54 strain compared with BLEUET was uniquely , due to esterases. This is consistent with the presence of the highly active esterase Al encoded by the Est-SA allele in this strain only (al1 164 mosquitoes of S54 tested had this allele, whereas none of the 257 BLEUET and 238 MSE insects possessed it).
Detoxification by Oxidative Enzymes. Oxidative enzymes (or MFO) able to metabolize insecticides are present in al1 living organisms. PB affects these enzymes through two distinct mechaxiisms. It inhibits M F 0 and, thus, reduces the quantity of molecules available to degrade or activate, or both, the insecticide, and it induces their synthesis and increases the amount of enzyme molecules. However, induction of M F 0 by PB usually requires a longer time than the 4 h of PB pre-application we used (Thongsinthusak & Krieger 1974 ) and therefore we assume that M F 0 induction had not taken place. Thus, in bioassays containing PB, increases or decreases of resistance were most probably due to the relative inhibition of M F 0 involved in. the activation or degradation of the insecticide. Table 1 shows that addition of PB did not change the LC,, of dichlorvos in any of the three strains and that PB changed the LC,,, of chlorpyrifos and carbosulfan in BLEUET and S54, but not in MSE. We, therefore, conclude that, in C . pipiens, M F 0 able to oxidatively degrade at least two insecticides (chlorpyrifos and carbosulfan) were present, and that these enzymes were different ( q~a l i t a t i v e l~ or quantitatively) in MSE and in the two other strains (BLEUET and S54). These conclusions were confirmed by M F 0 activities with 7-ethoxy-coumarin as substrate (Table 2) . Although large variations were observed between the different experiments, interstrain comparisons remained valuable because the differences observed among the three strains varied in a similar manner in each experiment. Significant differences (for each comparison, n, = 3, n, = 3; U = O; P = 0.05; Mann-Whitney [1947] test) were observed between the overall M F 0 activity of the three strains (BLEUET < S54 < MSE). In addition, oxidation of 7-ethoxycoumarin by M F 0 seemed less inhibited by propoxur in MSE than in the two other strains, either because propoxur acted as an inhibitor or, more likely, as a substrate.
Although we have no evidence that chlorpyrifos, carbosulfan, or 7-ethoxy-coumarin are oxidized by the same systems and, if this was the case, that these systems have the same relative affinities JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 79, no. 6 with the various substrates and inhibitors used, Our results indicate that certain M F 0 have different characteristics with regards to PB and propoxur in the MSE strain compared with the susceptible BLEUET and resistant S54 strains. Ineensitivity of the Target AChoE. AChoE was characterized in each strain by its K,,, and V,,, values (Table 3) . K,,, and V,,, values of the three strains did not differ significantly although MSE displayed systematically a lower V,,, within each experiment (N = 3; k = 3; x2 = 4.66; P > 0.15 for V,,,; x2 = O; P > 0.99 for Km; Friedman [1937] two-way analysis of variance).
The comparisons of the activity observed in the presence of four oxidized organophosphates and eight carbamates (Table 4 ) revealed important differences between MSE and S54 or BLEUET mosquitoes. AChoE inhibition in BLEUET and S54 mosquitoes was very similar. The inhibition ratios (1," S54/1,,, BLEUET) varied between 0.3 and 10 for al1 compounds tested. The same range of variations was observed in comparisons between MSE and BLEUET or S54 for al1 oxidized organophosphates but chlorpyrifoxon (inhibition ratio, 82) and four of the eight carbamates (inhibition ratio of propoxur, 16,760; of carbaryl, 200; of carbosulfan, 150; and of pyrimicarb, 18) .
Resistance ratios (Table 1) and AChoE inhibition ratios (Table 4) between MSE and BLEUET
Discussion
The present investigation has revealed that the high resistance to organophosphates detecied in natural populations of southern France in 1979 (Pasteur et al. 1981b ) is associated both with an increase of the oxidative metabolism and with the presence of an AChoE that has become insensitive to the inhibition by certain carbamates and chlorpyrifoxon. These conclusions are based on study of the MSE strain collected in 1979.
Although bioassays including synergists did not permit identification of the detoxification mechanism in the MSE strain, direct analyses of the detoxifying enzymes indicated that they were present in these mosquitoes and possess unique characteristics. This discrepancy between bioassays and in vitro results has been discussed earlier in terms of the action of synergists on detoxifying mechanisms and the possibility that the substrates used in the different experiments do not reveal the same enzymes. Another explanation may be that the presence of the insensitive AChoE in a mosquito masks al1 detoxifying mechanisms that are less efficient with respect to resistance than the AChoE. This is supported by the observation that mosquitoes with the insensitive AChoE have the same degree of chlorpyrifos resistance independent of the presence or absence of the Est-3.' allele responsible for increased esterase detoxification, and by the fact that heredity of resistance in MSE is polyfactorial (unpublished data), whereas that of the insensitive AChoE is monofactorial (Raymond et al. 1985b) .
Reduced sensitivity of AChoE to the inhibitory action of carbamates has been reported as an important mechanism of organophosphate resistance in many arthropod species, including Musca do- 1985) . Such insensitivities to inhibition a r e considered, in general, to result from a structural modification of the catalytic center of the enzyme that restricts its access to the chemical (Zahavi e t al. 1971 , Yamamoto e t al. 1978 . Such a modification has two possible consequences. First, it may induce a decrease of the enzyme efficiency towards its natural substrate; the tendency of lower activity observed with the insensitive AChoE in MSE is therefore more likely due to a reduced substrate turnover rather than to a reduced quantity of enzyme molecules (Devonshire 1979) . Second, it most probably brings about a large variability in the inhibition ratios of various insecticides: insensitivity to certain toxicants can be concomitant to a n increased sensitivity to others (Table 4) .
